The polyhedrin gene region of the Autographa californica nuclear polyhedrosis virus (AcMNPV) morphology mutant M29 has been characterized by genetic and physical techniques. Recombination analysis of mutants M29 and AcM5polyl demonstrated that wild-type polyhedrin recombinants could be obtained and that the DNA restriction patterns of the recombinant viruses were identical to wild-type AcMNPV DNA. Marker rescue experiments using the wild-type AcMNPV EcoRI I fragment indicated that the morphology mutation responsible for the M29 phenotype was located in the 0.0 to 5.9 ~o region of the genome. Direct DNA sequencing of the BamHI Infections of permissive cells with wild-type (wt) AcMNPV yield about 100 occlusion bodies/cell nucleus. With the morphology mutant M5 (m-5), nuclei of infected cells contain a single large (about 15 ~m/side) cube-shaped occlusion body which is frequently devoid of occluded virions (Brown et al., 1980) . The paracrystalline lattice and other ultrastructural features are similar to wt virus. With another morphology mutant, M29 (m-29;, no crystalline occlusion bodies form; instead infected cell nuclei contain copious amounts of small particles (95 to 108 nm diameter) which lack a crystalline lattice. The occlusion bodies of M5 and the micro-occlusions of M29 react with wt polyhedrin polyclonal antiserum. DNA analysis has shown that in both mutants a restriction endonuclease site [BamHI in M5 (Carstens, 1982); HindlII in M29 ] is eliminated within the coding region of the polyhedrin gene. Further analysis of the M5 mutant has shown that the altered phenotype of the occlusion bodies can be accounted for by a point t Present address:
The polyhedrin gene region of the Autographa californica nuclear polyhedrosis virus (AcMNPV) morphology mutant M29 has been characterized by genetic and physical techniques. Recombination analysis of mutants M29 and AcM5polyl demonstrated that wild-type polyhedrin recombinants could be obtained and that the DNA restriction patterns of the recombinant viruses were identical to wild-type AcMNPV DNA. Marker rescue experiments using the wild-type AcMNPV EcoRI I fragment indicated that the morphology mutation responsible for the M29 phenotype was located in the 0.0 to 5.9 ~o region of the genome. Direct DNA sequencing of the BamHI F fragment from M29 showed a single point mutation at position 253 of the polyhedrin gene. This mutation caused a substitution of phenylalanine for leucine at amino acid 84 of the M29 polyhedrin protein. These results indicated the necessity of amino acid conservation in the polyhedrin amino acid sequence for proper folding and assembly of the polypeptide into occlusion bodies.
The occlusion bodies of nuclear polyhedrosis viruses (NPV) (family Baculoviridae) are polyhedral, contain virus particles and transmit the virus in nature. Biochemical and ultrastructural analyses have shown that > 95 % of the mass of NPV occlusion bodies consists of a macromolecular lattice of the structural polypeptide polyhedrin (Mr about 30000), in which the virions are embedded. Inheritable variations in the size and shape of occlusion bodies occur spontaneously in nature. For example, a cuboidal variant of the typical tetragonal occlusion body of Antherea pernyi NPV was selected for by Gershenson (1960) and did not lose its phenotype after several passages in insect larvae. Similarly Stairs (1964) reported instances of large cuboidal variants of the typical ellipsoidal granulosis virus occlusions. In tissue culture, morphology mutants of the N PV of Autographa caliJbrnica (AcMNPV) which display disparate phenotypes of occlusion bodies have been isolated following chemical mutagenesis in vitro.
Infections of permissive cells with wild-type (wt) AcMNPV yield about 100 occlusion bodies/cell nucleus. With the morphology mutant M5 (m-5), nuclei of infected cells contain a single large (about 15 ~m/side) cube-shaped occlusion body which is frequently devoid of occluded virions (Brown et al., 1980) . The paracrystalline lattice and other ultrastructural features are similar to wt virus. With another morphology mutant, M29 (m-29; , no crystalline occlusion bodies form; instead infected cell nuclei contain copious amounts of small particles (95 to 108 nm diameter) which lack a crystalline lattice. The occlusion bodies of M5 and the micro-occlusions of M29 react with wt polyhedrin polyclonal antiserum. DNA analysis has shown that in both mutants a restriction endonuclease site [BamHI in M5 (Carstens, 1982) ; HindlII in M29 * Sfcells, singly infected with AcMSpolyl and M29 or with both viruses were harvested at 3 days post-infection. Supernatants from these infections were titrated by plaque assay and the plaques were scored according to the morphology of the polyhedra which were present. The number of plaques producing M29, AcM5polyl and wt phenotypes were counted and the titres of each type in the supernatant were calculated. mutation in the polyhedrin gene which causes substitution of leucine for proline at amino acid 58 in AcMNPV polyhedrin (Carstens et al., 1986) . In this study we report that a single base substitution at nucleotide 250 within the coding region of the same gene can account for the altered phenotype seen in M29.
The polyhedrin gene of AcMNPV consists of a 5' leader sequence of 58 bp and a coding sequence 732 bp in length (Hooft van Iddekinge et al., 1983) and maps within the EcoRI I region of the genome (0 to 5-6 map units). The gene has been precisely located by transcription mapping of the mRNA (Smith et al., 1982; Rohel et al., 1983) . In the morphology mutant M29 the HindIII site at 3.3 map units is eliminated . This alteration was the only change noted in an analysis of the mutant DNA. To determine whether the alteration of phenotype from the wt macromolecular lattice of occlusion bodies to the amorphous structures seen in cells infected with M29 was due to changes in the amino acid sequence of polyhedrin we carried out recombination analysis and utilized a second morphology mutant (AcM5polyl ; Carstens et al., 1986) known to have a single point mutation within the codon for amino acid 58 of the polyhedrin gene. AcM5polyl is a variant of wt AcMNPV and was constructed by transferring the polyhedrin gene from a morphology mutant, M5 (Brown et al., 1980) , to a wt virus by marker rescue. AcM5polyl carries a single point mutation at position 173 of the polyhedrin gene, changing thymine to cytosine. The point mutation is manifested phenotypically as the production of a single cubic occlusion body in infected cell nuclei (Carstens et al., 1986) .
Spodoptera Jrugiperda (SjO cells from the cell line IPLB-SF-21 (Vaughn et al., 1977) , were singly infected with AcM5polyl and M29 or were co-infected with both viruses, and were harvested 3 days later. The supernatants from these infections were titrated by plaque assay (Brown & Faulkner, 1978) and plaques were scored according to the morphology of the occlusion bodies within nuclei. All plaques derived from the single infections with AcM5polyl consisted of infected cells containing single cube-shaped occlusions and those derived from single infections with M29 were devoid of occlusion bodies. Plaques formed by supernatants from the co-infection of cells with AcM5polyl and M29 were of three types (Table 1) . Approximately 92 ~ of the plaques were of the parental types while about 8 ~ (ranging between 6.6 and 9.4 ~ in three experiments) were wt, containing many irregularly shaped occlusion bodies in the infected cell nucleus. Representative plaques of each phenotype were picked and used to infect fresh cultures of Sf cells. Total intracellular DNA was prepared, digested with either BamHI or HindIII, and analysed on agarose gels. Fig. 1 shows an autoradiogram of a blotted gel, hybridized with radioactive wt DNA. As expected, the AcM5polyl DNA (lane 3) had a normal HindIII fragment pattern and an altered BamHI fragment pattern (BamHI fragment F was absent) whereas M29 had a normal BamHI pattern but an altered HindIII pattern (HindIII fragments V and F were absent). The recombinants AcM5M29polyl (lane 4) and AcM5M29poly2 (lane 5) had HindIII and BamHI fragment profiles identical to wt virus DNA. These data indicated that a single cross-over event had occurred within the 79 bp region separating the BamHI site (position 168) and HindIII site (position 247) of the polyhedrin gene, allowing wt polyhedrin to be assembled in occlusions. Although the recombination frequencies that we observed appear to be very high, they were consistent in every experiment that was conducted. One possible explanation of these results may be that the polyhedrin gene represents a hot spot for recombination, perhaps because of its physical conformation during the later stages of the virus replication cycle. It is one of the few regions being actively transcribed at those times. Further work will be required to determine the correlation between high rates of transcription of a particular locus and high levels of genetic recombination. * Monolayers of Sfcells were co-transfected with various amounts of purified M29 viral DNA and plasmid DNA (pAcEcoI) as previously described (Carstens et al., 1986) . Control monolayers were transfected with either M29 or wt purified DNA alone. The total number of plaques and the phenotype of the occlusion bodies within each plaque were noted. The table represents the results obtained in one experiment. Similar results were obtained in three other experiments.
t NA, Not applicable; all the plaques were of the parental phenotype.
The possibility of multiple mutations in M29 which could have an effect on the morphogenesis and phenotype of occlusion bodies was investigated by marker rescue experiments. The polyhedrin gene is located within the EcoRI I fragment of AcMNPV (Smith & Summers, 1980) . A clone of the fragment present in a plasmid (pAcEcoI; Cochran et al., 1982) was used to cotransfect Sf cells together with purified M29 viral DNA using the calcium phosphate precipitation method (Carstens et al., 1980) . Transfected cells were overlaid with agarose and scored for the production of plaques consisting of infected cells containing wt polyhedral occlusion bodies (Table 2) . Wild-type recombinants were generated when 100 to 500 ng of transfecting plasmid DNA was co-transfected with purified M29 DNA, indicating that the site of the M29 mutation affecting occlusion body morphogenesis was located within the EcoRI I (0.0 to 5.9 map units) region of the genome. Several of these wt recombinant isolates were replaqued to confirm that they resulted from genetic recombination. We have also been successful in transferring the M29 genotype by co-transfecting wt DNA and the pM29BamF fragment (results not shown) confirming that the single point mutation in the M29 polyhedrin gene is sufficient to cause the morphological change in polyhedra.
Restriction endonuclease analysis of M29 viral DNA revealed a mutation overlapping the HindlII site between the HindlII F and V fragments (3.3 map units) resulting in a new fragment which comigrated with the HindlII D and E fragments (Fig. 1, lane 2) . The extent of the mutation was determined by DNA sequence analysis. M13 phage clones containing the M29 BamHI F and the BamHI-KpnI subfragments of M29 BamHI F were sequenced by the dideoxy chain termination method. A region of 1014 bp was sequenced and compared with the corresponding segment in wt polyhedrin (data not shown). A single base change was observed at position 253 of the M29 polyhedrin gene where cytosine was replaced with thymine. No other changes from the sequence of the wt polyhedrin gene were seen. This base change resulted in the substitution of phenylalanine for leucine at amino acid position 84.
The amino acid sequences of polyhedrin from six NPVs have been determined, either by chemical analysis for Bombyx mori MNPV (BmMNPV), Galleria mellonella MNPV and Porthetria dispar MNPV (Kozlov et al., 1981) or deduced from the DNA sequence of the polyhedrin genes for BmMNPV, AcMNPV, Orgyia pseudotsugata MNPV, O. pseudotsugata SNPV (Iatrou et al., 1985 , Hooft van Iddekinge et al., 1983 , Vlak & Rohrmann, 1985 . Much of the sequence is seen to be conserved and may account for the constancy of the occlusion body phenotype (Rohrmann, 1986) . Using the rules established by Chou & Fasman (1978) for predicting the secondary structure of polypeptides a major conformational change was predicted in M5 polyhedrin where a point mutation was the sole modification from the wt polyhedrin gene (Carstens et al., 1986) . The region of the polyhedrin polypeptide from amino acids 75 to 84 includes amino acid sequences conserved among all six baculoviruses (Rohrmann, 1986) . Predicted secondary structure analysis of wt polyhedrin has shown that the region from amino acids 80 to 86 potentially forms a beta sheet (Carstens etal., 1986) . The mutation at position 84 of M29 polyhedrin would not be expected to alter the underlying secondary structure since the substitution of phenylalanine for leucine would be expected to increase the probability of beta chains in that region. However, the change may exert an effect on tertiary protein structure. The compactness of polyhedrin folding may be changed and lattice formation blocked by the substitution of an aromatic ring for the side-chain of leucine. The finding of alterations in the amino acid sequence of potyhedrin caused by mutations in the gene thus affect both the ability to form crystalline occlusion bodies as well as their ultrastructure. Error-free crystallization of polyhedrin into occlusion bodies with concomitant occlusion of virus is essential for transmission of the virus in nature. Identification of the single nucleotide changes in the polyhedrin genes of M29 and M5 and the sharply contrasting effects the mutations have on the assembly of occlusions serves to emphasize the complex pattern that has been evolved into the gene structure.
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